Aims/hypothesis CUG-binding protein 1 (CUGBP1) is a multifunctional RNA-binding protein that regulates RNA processing at several stages including translation, deadenylation and alternative splicing, as well as RNA stability. Recent studies indicate that CUGBP1 may play a role in metabolic disorders. Our objective was to examine its role in endocrine pancreas function through gain-and loss-of-function experiments and to further decipher the underlying molecular mechanisms. Methods A mouse model in which type 2 diabetes was induced by a high-fat diet (HFD; 60% energy from fat) and mice on a standard chow diet (10% energy from fat) were compared. Pancreas-specific CUGBP1 overexpression and knockdown mice were generated. Different lengths of the phosphodiesterase subtype 3B (PDE3B) 3′ untranslated region (UTR) were cloned for luciferase reporter analysis. Purified CUGBP1 protein was used for gel shift experiments.
Introduction
Insulin is secreted by pancreatic beta cells of the islets of Langerhans; it is the only hormone capable of lowering plasma glucose levels [1, 2] . Glucose-stimulated insulin secretion (GSIS) occurs via glucose metabolism in beta cells [3] . Glucose metabolism leads to an increased cytosolic ATP/ ADP ratio and the closure of ATP-sensitive K + channels in the plasma membrane. The resulting depolarisation of the plasma membrane triggers Ca 2+ influx through voltagedependent Ca 2+ channels, leading to an increased cytosolic Ca 2+ concentration which is required for insulin granule exocytosis. However, GSIS also occurs via metabolic coupling factors other than ATP [3] . In addition, insulin secretion can be mediated by various hormones, including leptin, growth hormone and glucagon-like peptide 1 (GLP-1) [2] .
Accumulating evidence indicates that cAMP is an integral component of GSIS [4, 5] . The intracellular level of cAMP is tightly controlled by its synthesis through adenylyl cyclases and its degradation through phosphodiesterases (PDEs). PDEs have been classified into 11 families according to their amino acid sequence, catalytic characteristics, substrate preference and regulatory properties [6] . Several PDE subtypes and isoforms, including PDE1 [7] , PDE3B [8, 9] , PDE4 [7] and PDE8B [7, 10] , are known to mediate insulin secretion by pancreatic islets and/or beta cells. Through a feedback mechanism, insulin can reduce intracellular cAMP levels via activation of PDEs either by phosphorylation [11, 12] or in the longer term by regulating their protein levels [13, 14] .
CUG-binding protein 1 (CUGBP1) is a member of the CUGBP and embryonic lethal abnormal vision-like factor (CELF) family of RNA-binding proteins. It preferentially binds to GU-rich elements located in the 5′ and 3′ untranslated regions (UTRs), as well as in mRNA coding regions [15, 16] . The association of CUGBP1 with its mRNA targets influences their alternative splicing, translation and turnover [17] . CUGBP1 is ubiquitously expressed and plays a critical role in various physiological and pathological cellular processes, including skeletal muscle differentiation and atrophy [18] [19] [20] [21] , cell proliferation [22] , heart development and disease [23] [24] [25] , and tumour growth [26] . Recently, several studies indicate that CUGBP1 may be involved in metabolic disorders. CUGBP1 has been reported to mediate alternative splicing of the insulin receptor [27] and to contribute to insulin resistance [28] . Verma et al showed that CUGBP1 is upregulated in the hearts of diabetic mice [29] . A recent genome-wide association study analysis suggested that genetic variation at the CUGBP1 locus is associated with obesity [30] .
Here, we show that CUGBP1 is present in rodent islets and beta cells lines and is overexpressed in the islets of diabetic mice. We thus examined its potential role in endocrine pancreas function through gain-and loss-of-function experiments and further deciphered the underlying molecular mechanisms.
Methods
For detailed methods, please see the electronic supplementary material (ESM) methods. Animals All animal protocols described in this study were performed according to the Guidance for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH Publication No. 85-23, revised 1996) and approved by the Institute of Biophysics Committee on Animal Care. Mice were housed under a 12 h:12 h light:dark cycle at a constant temperature (22-24°C), and had free access to water and food. Eightweek-old wild-type and db/db mice were kindly provided by W. Jin from the Institute of Zoology, Beijing, China. Adult male C57BL/6 mice were purchased from Beijing Vital River Laboratory Animal Technology (Beijing, China). As previously reported, seven-week-old mice were randomly divided into two groups [31] : one group received standard rodent chow (10% energy from fat; Beijing HFK Bioscience, Beijing, China) and the other group received a high-fat diet (HFD; 60% energy from fat; rodent diet D12492, Research Diets, New Brunswick, NJ, USA). Animals were fed a HFD or chow diet for 30 weeks.
Reagents and plasmids Cilostamide was purchased from Tocris Bioscience (Bristol, UK). All other reagents were from Sigma-Aldrich (St. Louis, MO, USA) unless otherwise stated. The pcDNA3.1-CUGBP1 plasmid was a generous gift from H. Lou, Case Western Reserve University, Cleveland, OH, USA. The pLenti-OC-IRES-BSD plasmid and lentiviral sgRNA vector were kindly provided by W. Wei, Peking University, Beijing, China. The firefly and renilla luciferase vectors were provided by Y. Wu from the Institute of Biophysics, Chinese Academy of Sciences, Beijing, China. The pcDNA3.1 and pDsRed2-N1 plasmids were obtained from Addgene (Cambridge, MA, USA).
Adenovirus generation Adenoviruses were prepared using the AdEasy XL Adenoviral Vector System (Stratagene, La Jolla, CA, USA). Schematic diagrams are shown in ESM Fig. 1 .
IPGTTs GTTs were performed by i.p. injection of 1.5 g/kg glucose into mice after fasting for 16 h. Glucose levels were measured using an automatic glucometer (Accu-Chek; Roche Diagnostics, Mannheim, Germany). In some experiments, the AUC for glucose during the IPGTT (120 min) was calculated with GraphPad Prism 6 (La Jolla, CA, USA).
Insulin secretion and content analysis Islets were isolated and cultured as previously described [32] . Islets were infected by Ad-DsRed or Ad-DsRed-Cugbp1 and incubated for 48 h. Insulin secretion and total insulin content were then measured.
Western blotting Western blotting was performed as previously described [33] . Briefly, protein samples from HeLa cells or mouse islets were resolved by SDS-PAGE and immunoblotted with anti-PDE3A, anti-PDE3B, anti-CUGBP1 or anti-β-actin antibody.
Immunofluorescence analysis Immunofluorescence was used to determine the expression of CUGBP1 in mouse pancreases or MIN6 cells.
Plasma insulin measurement Eight-week-old male mice were infected with Ad-DsRed or Ad-DsRed-CUGBP1 (control mice vs CUGBP1 OE mice) or an adenovirus expressing the gene encoding clustered, regularly interspaced, short palindromic repeats (CRISPR)-associated endonuclease from Streptococcus pyogenes (SpCas9; Ad-SpCas9) plus Ad-GFP/Ad-SpCas9 plus Ad-SpGuide (control mice vs CUGBP1 KD mice) by direct injection into the pancreas, as previously published [34] . After infection, plasma insulin levels were measured.
cAMP assay Islets were extracted in lysis buffer provided in the cAMP XP assay kit (no. 4339; Cell Signalling Technology, Danvers, MA, USA). Intracellular cAMP concentrations were determined and normalised to protein concentration, according to the manufacturer's instructions.
RNA isolation and PCR RNA was extracted from HeLa cells or mouse islets using the Trizol RNA purification system (Invitrogen, Carlsbad, CA, USA), and reverse transcribed into cDNA using M-MLV reverse transcriptase (Promega, Madison, WI, USA). PCR and quantitative (q)PCR were performed as previously reported [35] .
RNA-binding protein immunoprecipitation RNA-binding protein immunoprecipitation (RIP-CHIP) was performed with HeLa cell lysates, as previously described [36] .
Luciferase reporter assay Different lengths of the PDE3B 3′ UTR were amplified and cloned into the firefly vector. Sewing PCR was used to generate mutant PDE3B 3′ UTR sequences, as previously reported [37] .
Gel shift assay CUGBP1 protein was purified as previously reported [15] . The RNA oligonucleotide (5′-AUUUGUU-3′) was synthesised by GenScript (Nanjing, China).
PDE3B mRNA stability assay PDE3B mRNA stability assay was performed as previously reported [38] .
Statistical analysis Significant differences were determined between two groups using the Student's t test or among multiple groups using ANOVA. Data are shown as mean ± SEM, and statistical significance was set at p < 0.05.
Results

CUGBP1 is overexpressed in the islets of diabetic mice
To understand the function of CUGBP1, we first examined its expression in the whole murine pancreas. As shown in ESM Fig. 2a , we found that CUGBP1 was evenly distributed in the islets and exocrine areas. Western blotting showed that CUGBP1 was abundantly expressed in rodent islets and in two pancreatic beta cell lines (INS1 and MIN6), at similar levels as in the mouse extensor digitorum longus and soleus (ESM Fig. 2b ). Immunostaining revealed that CUGBP1 was mainly located in the cytoplasm of MIN6 cells (ESM Fig. 2c ).
Two classic mouse models of type 2 diabetes (db/db and HFD-fed mice) were used to investigate whether type 2 diabetes modifies the expression of CUGBP1. The db/db mice had a higher body weight (p < 0.001; Fig. 1a ) and impaired glucose clearance compared with control mice (Fig. 1b) . CUGBP1 protein was upregulated 2.2-fold in the islets of db/db mice compared with control mice (p < 0.001; Fig. 1c ). As shown in Fig. 1d , the average body weights of HFD-fed and chow-fed mice were 52.6 ± 1.1 g and 36.4 ± 1.2 g (p < 0.001), respectively. IPGTTs revealed that glucose tolerance was markedly impaired in HFD-fed mice compared with chow-fed mice (Fig. 1e) . As for db/db mice, the level of CUGBP1 protein was also significantly higher in the islets of HFD-fed mice compared with chow-fed mice (p < 0.05; Fig. 1f ). Taken together, our results indicate that CUGBP1 is overexpressed in the islets of diabetic mice.
CUGBP1 is a negative regulator of insulin secretion Overexpression (OE) of Cugbp1 in the islets of diabetic mice led us to speculate that CUGBP1 may play a role in insulin secretion. To test this hypothesis, we generated mice overexpressing pancreas-specific Cugbp1 by directly injecting AdDsRed-CUGBP1 into the mouse pancreas (ESM Fig. 3a) . Control mice were injected with Ad-DsRed. We observed DsRed throughout the pancreas, indicating that the exogenous protein (DsRed or DsRed-CUGBP1) was strongly expressed (ESM Fig. 3b ). CUGBP1 was overexpressed by about 2.5-fold in the islets of CUGBP1 OE mice (ESM Fig. 3c ). As shown in Fig. 2a , the fasting plasma insulin level was not significantly different between control and CUGBP1 OE mice. However, the glucose-stimulated plasma insulin level was significantly lower in CUGBP1 OE mice than in control mice (Fig. 2a) . Therefore, CUGBP1 OE mice cleared glucose at a significantly slower rate compared with control mice (Fig. 2b) .
We further investigated the function of CUGBP1 by generating a mouse model with pancreas-specific CUGBP1 knockdown (KD) which was induced using SpCas9. As shown in ESM Fig. 4a , Ad-Sp-Cas9 and Ad-Sp-GuideGFP (1:1 ratio) were directly injected into the pancreas to disrupt the Cugbp1 gene (CUGBP1 KD mice). Control mice were injected with Ad-Sp-Cas9 and Ad-GFP (1:1 ratio). A T7 endonuclease I cleavage assay and genomic DNA sequencing revealed no evidence of mutagenesis in control mice, while CUGBP1 KD mice displayed mutations at multiple sites (ESM Fig. 4b,c) . Western blot analysis demonstrated that CUGBP1 protein content was reduced by about 50% in pancreatic islets (ESM Fig. 4d ). Although the fasted plasma insulin level was only moderately enhanced, glucose-stimulated plasma insulin levels were significantly increased in CUGBP1 KD mice compared with control mice (Fig. 2c) . IPGTT results showed that glucose clearance was faster in CUGBP1 KD mice than in control mice (Fig. 2d) .
To test whether CUGBP1 is involved in in vitro insulin secretion, isolated islets were infected with Ad-DsRed-CUGBP1; control islets were infected with Ad-DsRed. AdDsRed-CUGBP1 infection led to a 3.8-fold upregulation of CUGBP1 (ESM Fig. 5 ). As shown in Fig. 2e , secreted insulin levels were similar in control and CUGBP1 OE islets in the presence of 3.3 mmol/l glucose; however, upon 16.7 mmol/l glucose stimulation insulin levels in CUGBP1 OE islets were significantly lower than in control islets (p < 0.05). GLP-1 is known to stimulate insulin secretion through binding to and activating the GLP-1 receptor, and thereby inducing cAMP production [39] . We therefore tested whether CUGBP1 has a role in GLP-1-induced insulin secretion. We found that GLP-1 (10 nmol/l) stimulated insulin secretion from 13.9 ± 0.7 to 50.9 ± 8.1 ng/mg in control islets and from 11.7 ± 0.8 to 27.3 ± 0.8 ng/mg in CUGBP1 OE islets (Fig. 2f) . Although basal insulin levels were similar in CUGBP1 OE islets and control islets (13.9 vs 11.7 ng/mg), GLP-1-stimulated insulin secretion was markedly decreased in CUGBP1 OE islets (50.9 vs 27.3 ng/mg, p < 0.05; Fig. 2f) . However, the total insulin content (Fig. 2g ) and Ins1 and Ins2 mRNA levels (Fig. 2h) were similar in control and CUGBP1 OE islets, suggesting that CUGBP1 has no effect on insulin production. [40] . We found that glucose-induced Ca 2+ release was similar in control and CUGBP1 OE islets (Fig. 3a,b) , indicating that Ca 2+ signalling is not involved in CUGBP1-mediated effects. cAMP is an important regulator of GSIS [4, 5, 41] . We therefore investigated whether the intracellular cAMP CUGBP1 induces PDE3B expression As PDEs are the only enzymes that specifically hydrolyse cAMP [6] , we speculated that PDE activation might be responsible for the CUGBP1-dependent decrease in cAMP content. We therefore measured the mRNA levels of most PDE family genes under control and CUGBP1 OE conditions in HeLa cells and mouse islets. CUGBP1 OE had no effect on the mRNA levels of all PDE genes with the exception of PDE3B which was clearly induced (Fig. 3d,e and ESM Fig. 6 ). Owing to their lack of gene expression in HeLa cells and mouse islets, the effects of CUGBP1 on PDE4C, PDE10A and PDE11A mRNA levels were not determined. In isolated islets, CUGBP1 OE increased the Pde3b mRNA level by about twofold (Fig. 4a ) and upregulated PDE3B protein by threefold (Fig. 4b) . Consistent with this, PDE3B expression was markedly decreased in islets from CUGBP1 KD mice compared with control mice (Fig. 4c) . Unlike for PDE3B, PDE3A protein level was not changed upon CUGBP1 OE (ESM Fig. 7 ).
PDE3B inhibition rescues CUGBP1-mediated GSIS impairment So far, our results suggest that inhibition of GSIS by CUGBP1 is due to activation of PDE3B. The selective PDE3 inhibitor, cilostamide (10 μmol/l), was used to further examine this hypothesis. Both glucose-and GLP-1-stimulated insulin secretion were strongly reduced by CUGBP1 OE (Fig. 4d,e) . We found that cilostamide markedly enhanced insulin secretion by both control and CUGBP1 OE islets, but abolished the inhibitory effects of CUGBP1 (Fig. 4d) . We also showed that GLP-1 induced insulin secretion was no longer reduced by CUGBP1 OE in the presence of cilostamide (Fig. 4e) . These results confirm that PDE3B activation is involved in CUGBP1 inhibition of insulin secretion.
Based on these results, we speculated that PDE3B should be overexpressed in the islets of diabetic mice. This was indeed the case: PDE3B protein expression was increased by 11-fold (p < 0.01; Fig. 4f ) and 2.5-fold (p < 0.05; Fig. 4g ) in islets from db/db and HFD-fed mice, respectively.
CUGBP1 directly binds to the PDE3B 3′ UTR and promotes mRNA stabilisation To gain insight into the molecular mechanisms underlying PDE3B activation by CUGBP1, we performed RIP-CHIP, luciferase reporter, gel shift and mRNA stability assays. RIP-CHIP experiments showed that PDE3B mRNA was enriched in the RNA population pulled down by CUGBP1 but not by control IgG, indicating that CUGBP1 binds to PDE3B mRNA (Fig. 5a) . We further demonstrated that most PDE mRNAs were not pulled down by CUGBP1; an exception was PDE4B mRNA (data not shown). As PDE4B expression was not affected by CUGBP1 OE (Fig. 3d) , the interaction between the two proteins was not further investigated. A luciferase reporter assay was then conducted to determine whether CUGBP1 binds to the PDE3B 3′ UTR. As CUGBP1 regulates the PDE3B level in both HeLa cells (Fig. 3d, ESM Fig. 6 ) and mouse islets (Fig. 4a-c) , we reasoned that the mechanisms responsible for this regulation may be conserved. Thus, we aligned the 3′ UTRs of human, rat and mouse PDE3B genes and found that about 1000 bp were conserved among these species. We therefore chose 1144 bp of the human PDE3B 3′ UTR as the potential CUGBP1 target. As shown in Fig. 5b , luciferase activity was modestly increased in constructs containing the 1-1144 and 1-938 bp 3′ UTR sequences but not in constructs containing the 1-557 and 1-756 bp sequences. Moreover, luciferase activity was not significantly different between constructs containing the 1-1144 and 1-938 bp sequences. These results indicate that the CUGBP1-interacting sequence is located in the region from 756 bp to 938 bp. Using a bioinformatics method (www.introni.it/splicing.html; accessed September 2013), two potential binding sites for CUGBP1 were found in this region: one is TTGTTGTTTTTACTCT, the other is ATTTGTT. We therefore constructed two luciferase reporters containing a mutated 1-938 bp sequence in which either the TTGTTGTTTTTACTCT (mutant-1) or ATTTGTT (mutant-2) sequence was deleted. The luciferase activity of the mutant-1 reporter was still increased by CUGBP1, whereas that of mutant-2 was unchanged, suggesting that CUGBP1 binds to the ATTTGTT sequence. A gel shift assay further demonstrated that CUGBP1 can directly bind to the ATTTGTT sequence in a dose-dependent manner (Fig. 5c) . Finally, we found that the rate of PDE3B mRNA decay was much slower in CUGBP1 OE cells than in control cells, suggesting that CUGBP1 can stabilise PDE3B mRNA (Fig. 5d ).
Discussion
In this study, we report that: (1) CUGBP1 is present in both rodent islets and beta cell lines, and is overexpressed in the islets of diabetic mice; (2) CUGBP1 acts as a negative regulator of insulin secretion upon glucose and GLP-1 stimulation; (3) the effects of CUGBP1 on insulin secretion are mediated by PDE3B activation; (4) CUGBP1 directly regulates PDE3B expression via binding to the ATTTGTT sequence within its 3′ UTR; and (5) PDE3B is overexpressed in the islets of diabetic mice.
In vivo genome editing in adult animals is a topic of intense interest and has had a profound impact on both basic and translational research. Recently, SpCas9 has been proven to be a powerful tool for making precise genomic perturbations in vivo. It has been used in vivo to study the function of genes in the liver and brain [42, 43] and to cure metabolic and genetic diseases in animal models [44] . Here, we demonstrated that SpCas9 can be used to disrupt the genes in adult mouse islets. To our knowledge, this is the first report of the use of SpCas9 to edit genes in adult mouse islets in vivo. Moreover, we found that SpCas9-mediated Cugbp1 mutation had a strongly increased insulin secretion, reduced glucose homeostasis and significantly downregulated PDE3B expression, indicating that in vivo genome editing with SpCas9 is feasible in adult mouse islets.
We have demonstrated for the first time that CUGBP1 is critical for controlling insulin secretion by pancreatic islets. Importantly, CUGBP1 is overexpressed in the islets of diabetic mice, and this presumably leads to insufficient insulin secretion. A previous study indicated that CUGBP1 contributes to insulin resistance in skeletal muscle [28] . Moreover, a recent genome-wide association study suggested that genetic variation at the CUGBP1 locus is associated with obesity [30] , which is a major risk factor for the development of type 2 diabetes. Collectively, these results suggest that CUGBP1 may be an important regulator of type 2 diabetes. Thus, CUGBP1 inhibition might be a potential strategy for the treatment of type 2 diabetes.
In a mechanistic analysis, we identified cAMP and PDE3B as the molecules responsible for the effects of CUGBP1. Indeed, accumulating evidence indicates that intracellular cAMP is an important regulator of insulin secretion either dependent or independent of Ca 2+ [4, 5, 41] . Although several PDE proteins regulate insulin secretion [7] [8] [9] [10] 45] , only PDE3B can be activated by CUGBP1. Actually, PDE3B OE results in reduced insulin secretion by islets and beta cells [9, 46, 47] ; conversely, GSIS is enhanced in islets from Pde3b-null mice [8] . In addition, various hormones including IGF-1 [48] and leptin [49] regulate insulin secretion through phosphorylation of PDE3B.
PDE3A and PDE3B are well known to be involved in different cellular processes and to participate in distinct diseases [6] , but there is no specific inhibitor for each isoform. In this study, we found that the ATTTGTT sequence residing in the 3′ UTR of PDE3B is required to stabilise PDE3B mRNA. We are therefore now in a position to design specific molecular disruptors of PDE3B activation using a strategy similar to the one used to inhibit another RNA-binding protein, the Hu antigen R [50] .
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